Objective: To evaluate the utility of nerve diffusion tensor imaging (DTI), nerve cross-sectional area, and muscle magnetic resonance imaging (MRI) multiecho Dixon for assessing proximal nerve injury in chronic inflammatory demyelinating polyneuropathy (CIDP). Methods: In this prospective observational cohort study, 11 patients with CIDP and 11 healthy controls underwent a multiparametric MRI protocol with DTI of the sciatic nerve and assessment of muscle proton-density fat fraction of the biceps femoris and the quadriceps femoris muscles by multiecho Dixon MRI. Patients were longitudinally evaluated by MRI, clinical examination, and nerve conduction studies at baseline and after 6 months. Results: In sciatic nerves of CIDP patients, mean cross-sectional area was significantly higher and fractional anisotropy value was significantly lower, compared to controls. In contrast, muscle proton-density fat fraction was significantly higher in thigh muscles of patients with CIDP, compared to controls. MRI parameters showed high reproducibility at baseline and 6 months. Interpretation: Advanced MRI parameters demonstrate subclinical proximal nerve damage and intramuscular fat accumulation in CIDP. Data suggest DTI and multiecho Dixon MRI might be useful in estimating axonal damage and neurogenic muscle changes in CIDP.
Introduction
Chronic inflammatory demyelinating polyneuropathy (CIDP) is an autoimmune disorder that in most patients requires permanent or repetitive immunomodulatory treatment. [1] [2] [3] Current clinical, serological, and electrophysiological features of CIDP lack sensitivity to provide reliable information for diagnosis, disease progression, and treatment response. [4] [5] [6] [7] Thus, novel, serially applicable noninvasive biomarkers are urgently needed.
Proximal nerve injury has been recognized for a long time as a characteristic feature of CIDP, in contrast to many other neuropathies. [8] [9] [10] However, the assessment of proximal nerve injury is hampered due to the limited accessibility of proximal nerves by standard nerve conduction studies. In addition to its value for the diagnosis, weakness, and atrophy of proximal muscles are also prognostic factors for the clinical course and treatment response in CIDP. 9, 11, 12 MRI neurography can be used to visualize peripheral nerves in humans. [13] [14] [15] [16] [17] This method is useful to provide anatomical data and to detect pathologies such as tumors that affect the continuity of nerves. 18, 19 More recently, diffusion tensor imaging of peripheral nerves has been introduced as a tool to quantify nerve damage and regeneration. [20] [21] [22] The purpose of our study was to develop a multiparametric MRI protocol for the proximal lower limb in order to assess nerve injury and neurogenic muscle atrophy in patients with CIDP. Based on a previous study that found This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
DTI a suitable diagnostic tool for the evaluation of proximal nerve segments, 23 this paradigm included diffusion tensor imaging (DTI) of the sciatic nerve. To explore changes in the muscle texture, we used a chemical shift encoding-based water-fat separation technique to quantify the proton-density fat fraction (PDFF) on a 0-100% scale. PDFF mapping has recently been introduced as a noninvasive biomarker for disease progression in different neuromuscular disorders including Charcot-Marie-Tooth (CMT) -Neuropathy. [24] [25] [26] [27] We hypothesized that in CIDP, proximal nerve damage, and neurogenic muscle atrophy can be accurately visualized by these two techniques.
Materials and Methods

Patients and healthy controls
Eleven patients (five female, six male, mean age 56 AE 11 years) with CIDP and eleven healthy controls (3 female, 8 male, mean age 48 AE 10 years) were included in this study. CIPD was diagnosed according to guidelines of the Peripheral Nerve Society. 28 Exclusion criteria were neuropathies of other causes and contraindications against MRI. Controls were matched by height, weight, and age. Clinical characteristics are provided in Table 1 . All patients with CIDP were on IVIg treatment (1g/kg bodyweight every 4 weeks, mean duration 4.67 AE 1.5 years). The study was approved by the local Ethics Committee, and all subjects gave written informed consent prior to study inclusion.
Clinical and electrophysiological assessment
All patients underwent a detailed clinical and electrophysiological evaluation as well as an MRI scan at the beginning of the study (baseline, t = 0). All patients were available for follow-up visits and MRI scans 6 months later (mean 6.5 AE 1 month). Clinical assessment included a complete neurological examination. Functional disability was assessed by use of established functional scores including the Medical Research Council (MRC) sum score and the INCAT scale. Briefly, the MRC sum score summarizes the MRC grades (0-5) of six paired muscle groups (upper arm abductors, elbow flexors, wrist extensors, hip flexors, knee extensors, and foot dorsal flexors) with a maximum score of 60 points. The MRC sum score for the right leg (maximum 15 points), separately, was also included for analysis. The INCAT score assesses functional disability for upper and lower limbs in a total score ranging from 0 (no signs of disability) to 10 (severely disabled). 29 For electrophysiological examinations, standard nerve conduction studies were performed. 30 Distal motor latencies (DML), proximal and distal compound muscle action potential (CMAP) amplitudes, and motor nerve conduction velocity (mNCV) were measured for the right tibial and peroneal nerve. F-waves were recorded for the right tibial and peroneal nerve. Sensory nerve action potential (SNAP) amplitudes and sensory nerve conduction velocity (sNCV) of the right sural nerve were recorded antidromically. Standard EMG of the tibialis anterior, quadriceps, and biceps femoris muscles was performed using conventional EMG equipment and concentric needle electrodes.
MRI data acquisition and analysis
MRI was performed on a 3 T whole-body MR system (Ingenia, Philips Healthcare, Best, The Netherlands). Subjects were examined feet first in supine position. A 16-channel knee coil (dStream T/R Knee 16ch coil, Philips Healthcare, Best, The Netherlands) was employed for signal transmission and reception. The individuals' right thighs were placed deep into the coil with the center of the coil positioned 10-20 cm cranially of the superior pole of the patella. A cushion mat was used to adapt the level of the patient's backside to the lower edge of the coils aperture. The distal parts of the legs were immobilized with cushions.
Localizer images in three planes were acquired to map the subject's patella in the lower part of the sagittal image.
A high-resolution three-dimensional T2-weighted turbo spin echo (3D T2 TSE) sequence with fat and vessel signal suppression was used to locate the sciatic nerve in all spatial planes. [31] [32] [33] The parameters were as follows: TR = 2000, TE = 273, matrix size 216 9 143 9 143, resolution 1.25 9 1.25 9 0.7 mm 3 , scan duration 2:30 min ( Fig. 2A and B) .
The center of the stacks of an anatomical T2-weighted mDixon TSE (2D T2 TSE) and the DTI scan were then positioned 10-20 cm cranially of the patella's upper edge and oriented perpendicular to the sciatic nerve based on the 3D T2 TSE scan. The high-resolution 2D T2 TSE sequence was acquired in the transversal plane perpendicular to the sciatic nerve with the following parameters: TR = 2500 msec, TE = 60 msec, matrix size 640 9 468, 30 slices with 4 mm slice thickness and no interslice gap, resolution 0.3 9 0.4 9 4 mm 3 , scan duration 5 min.
DTI data were acquired using a single-shot echo planar imaging-based sequence, and planned similar to 2D T2 TSE with the following parameters: TR = 6500 msec, TE = 62 msec, matrix size 128 9 130, 20 slices with 4 mm slice thickness and no interslice gap, resolution 1.5 9 1.5 9 4 mm 3 , b values of 0 sec/mm 2 and 800 sec/ mm 2 , each in 20 directions, SENSE factor of 2, scan duration 9:00 min.
For intramuscular fat quantification, a six-echo multiecho gradient echo sequence was used (mDixon Quant, Philips Healthcare, Best, The Netherlands). The sequence was acquired on the transversal plane, including parts of the quadriceps femoris and biceps femoris muscles. Sequence parameters were as follows: TR=10 msec, 6 echoes (TE1 = 1.45 msec, DTE = 1.1 msec), matrix 108 9 107 9 4 mm 3 , voxel size 1.8 9 1.8 9 4 mm, 20 slices, flip angle 3°(to minimize T1 bias effects), acquisition time of 1:05 min. The proton-density fat fraction quantification was based on a complex-based waterfat separation with a signal model considering the multipeak fat spectrum and modeling a single T2* decay. 34, 35 MR images were analyzed by an experienced staff radiologist (T.L.) and a fellow radiologist (K.S.). Measurements were independently assessed.
Postprocessing of raw DTI data and MRI analysis were performed with software provided by the MR system manufacturer (IntelliSpace Portal 7.0, Philips Healthcare, Amsterdam, The Netherlands). Furthermore, cross-sectional area of the nerve was determined based on 2D T2 TSE with Agfa HealthCare PACS Software (Agfa HealthCare, IMPAX EE, Bonn, Germany). In correlation with the anatomical information of the b = 0 and the 2D T2 TSE images, six freehand ROIs in six neighboring slices of each examination were drawn in the color-coded fractional anisotropy (FA) images. The average FA values of the six slices were averaged again to receive the final FA value.
To determine the average intramuscular fat fraction, three freehand, subtotal ROIs were drawn in each part of the quadriceps femoris muscle (vastus lateralis, intermedius, medialis, rectus femoris) as well as in the short and long heads of the biceps femoris muscle. ROIs were drawn within 2 mm within the muscle boundaries as visually inspected on the fat fraction maps on three neighboring slices. The differing area sizes (A_i) of the individual ROIs (ROI_i with individual fat fractions (FF_i)) were taken into account using the formula FF_mean_over_ROIs = sum (A_i * FF_i)/sum (A_i), where sum is the summation over all ROIs.
Statistical analysis
Statistical analysis was performed using the Mann-Whitney-U-Test for group comparison. Nonparametric Spearman correlation tests (graph pad prism) were used for assessing correlations. P < 0.05 was considered statistically significant.
Statistical analysis of inter-rater agreement was performed in R 3.4.0 36 with RStudio 1.0.136, using the package irr 37 for calculation of intraclass correlation coefficients (ICCs), and epade 38 for Bland-Altman analyses. Inter-rater agreement was tested in all patients and controls using Bland-Altman analyses, ICCs, and coefficients of variation (CV). The CV was computed as the standard deviation (SD) r of the differences divided by the mean l of the parameter under consideration:V ¼ 
Results
TSE MRI scans
The sciatic nerve was reliably identified in all patients and controls on 3D and 2D T2 TSE MRI scans. 2D T2 TSE MRI scans of sciatic nerve segments showed significantly larger cross-sectional areas of the sciatic nerve in patients with CIDP at baseline (t = 0) and after 6 months (t = 1), compared to healthy controls. Mean values were 53.2 mm 2 AE 6.0 (P = 0.0128) at baseline and 53.4 mm 2 AE 5.0 (P = 0.0070) after 6 months compared to controls (mean 36.5 mm 2 AE 2.4, Fig. 1A to C).
DTI
DTI scans of the sciatic nerves of the patients with CIDP at baseline showed significantly lower mean FA values (0.34 AE 0.01), compared to healthy controls (0.45 AE 0.01; P < 0.001). At 6 months (t = 1), mean FA values (0.35 AE 0.02; P = 0.003) were also significantly lower compared to controls ( Fig. 2A to C) . Inter-rater agreement was excellent (ICC = 0.89).
PDFF mapping
At baseline, MRI scans showed significantly higher intramuscular fat fractions in both the quadriceps femoris muscle as well as in the biceps femoris muscle in patients with CIDP compared to healthy controls. Mean values for the quadriceps femoris muscle were 5.9 AE 1.2 % (CIDP) vs. 2.9 AE 2.0% (healthy controls; P = 0.003) and for the biceps femoris muscle 9.3 AE 1.5 % (CIDP) vs. 4.3 AE 1.9 % (healthy controls; P < 0.001). Inter-rater agreement was excellent (ICC = 0.91 for quadriceps femoris muscle and ICC = 0.89 for biceps femoris muscle).
No significant longitudinal changes were observed in follow-up after 6 months. Mean values after 6 months were 5.7 AE 1.3% for the quadriceps femoris muscle and 9.6 AE 2.1% for the biceps femoris muscle. Furthermore, the fat fractions were still significantly higher compared to healthy controls (P = 0.0128 for the quadriceps femoris muscle and P = 0.015 for the biceps femoris muscle, Fig. 3A-C) .
Sciatic nerve cross-sectional area was positively correlated with biceps femoris fat fraction in patients with CIDP after 6 months (r = 0.684, P = 0.0203, Fig. 3D and E). No significant correlations were observed between FA values of the sciatic nerve and clinical or electroneurographic measurements. Muscle fat fraction was not significantly correlated with clinical measures of muscle weakness (data not shown). Five of eleven patients showed neurogenic EMG changes in the biceps femoris and vastus lateralis muscles.
Discussion
We here present a novel multiparametric MRI imaging paradigm that allows simultaneous quantification of sciatic nerve morphology and intramuscular fat fraction of mid-thigh muscles. We found significantly enlarged sciatic nerves with lower FA values in patients with CIDP compared to controls. Likewise, the thigh muscles of patients with CIDP showed a significantly elevated intramuscular fat fraction, compared to controls. Over a follow-up period of 6 months, these parameters remained unchanged, indicating persistent pathology and also high reproducibility in this clinically stable cohort. We adopted our previously developed MRI-DTI acquisition protocol 23 to a novel hard-and software setting to assess the integrity of sciatic nerve fibers longitudinally in a cohort of patients with CIDP. Our finding that patients with CIDP have enlarged sciatic nerve cross-sections complements the results from a previous study that reported increased nerve cross-sectional areas in patients with CIDP. 40 In contrast to the study of Sinclair and colleagues, who used T2 short inversion time inversion recovery (STIR) sequences on a 1.5T scanner, we measured the nerve diameter on T2 Dixon TSE images of a 3T scanner. Furthermore, we systematically assessed the right leg, whereas Sinclair and colleagues examined the more severely affected lower limb in patients with CIDP. These methodological differences may, at least in part, contribute to the lower absolute values of cross-sectional areas in our cohort (53.2 mm 2 vs. 67.6 mm 2 ).
Our finding of lower FA values in the sciatic nerve of patients with CIDP is in line with a more recent crosssectional study in 14 patients with CIDP that reported lower sciatic nerve FA values, 41 although the absolute FA values for healthy controls (mean 0.48) and patients with CIDP (mean 0.42) in that study were higher compared to ours. These differences can be explained by different acquisition parameters and analysis procedures such as generation of the FA maps and definition of the ROI. In addition, small but significant inter-MRI-vendor variability of FA measurements has been reported for median nerve DTI with lower FA values for the same 3.0 Tesla MRI scanner as used in our study. 42 This emphasizes the importance of generating normal values for quantitative DTI measures and warrants caution regarding their interpretation when different acquisition soft-and hardware are used.
Previous studies have consistently demonstrated that DTI derived FA in rodent 22, 43, 44 and human peripheral nerves is a valid measure for axonal injury. 17, 21, 23 We thus conclude that the lower FA values observed in our study indicate proximal nerve injury in our cohort of patients with CIDP, and thereby clearly distinguish them from healthy subjects. Our study confirms the results of previous electrophysiological studies in CIDP that suggested damage to proximal nerve segments in affected and asymptomatic limbs. 11, 45, 46 Our finding that FA values of sciatic nerves remained constant over the followup period of 6 months reflects the clinical course, as our patients were on immunomodulatory treatment, which prevented successfully any clinical progression over this period of time.
Furthermore, we report for the first time the utility of PDFF mapping to quantify alteration of muscle structure in CIDP. Muscle PDFF values have been shown to relate to muscle strength in healthy subjects 47 and to clinical parameters in patients with knee osteoarthritis 48 and rotator cuff pathologies. 35 Muscle PDFF mapping has recently been introduced as a noninvasive biomarker for disease progression in muscle dystrophies and myopathies. [24] [25] [26] [27] One recent study also explored the utility of PDFF to assess neurogenic muscle atrophy in patients with Charcot-Marie-Tooth Type 1 and found significantly higher fat fractions in calf but not thigh muscles. 49 To remain within the boundaries of a feasible scanning time for patients (i.e., 20 min), our study focused on thigh muscles adjacent to and partially innervated by the sciatic nerve. The increase in the PDFF of thigh muscles in patients with CIDP likely reflects changes based on the asymmetrical nonlength-dependent distribution of neuropathy typically seen in CIDP, in contrast to CMT1a. The positive correlation between the pathological sciatic nerve cross-sectional area and the biceps femoris PDFF strongly suggests a neurogenic origin. The most parsimonious explanation for the observation that not all patients had clearly pathological EMG changes in this muscle is that deeper parts of the examined muscles are not accessible to standard needle EMG.
In conclusion, we here present a novel multiparametric MRI protocol that allows noninvasive quantification of proximal nerve injury and muscle changes in a chronic neuropathic condition. In CIDP, these MRI measures demonstrate axonal injury in sciatic nerve fibers as well as increased fat accumulation in proximal thigh muscles.
Our data suggest that MR imaging of lower proximal limbs including nerve DTI and muscle fat Dixon imaging could be a useful tool for quantifying the subclinical burden of axonal degeneration and neurogenic muscle changes in patients with CIDP. However further studies with patients with CIDP that are more severely affected in terms of proximal weakness are warranted to determine the utility of these MR-based measures to serve as biomarkers in therapeutic trials.
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